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ABSTRACT

Utilizing the low temperature silicon molecular beam epitaxy (M RI) growth of degenerately
doped SiGe laycers on Si, long wavelength stacked SiGe/Siheterojunct ion internal photoemission (111P)
infrared detectors with multiple SiGe/Si layers have been fabricated and demonstrated. The detector
strocture consists of several periods of degenerately boron doped thin (< 50 A)SiGe layers and undoped
thick (= 300 A)Silayers. The stacked SiGe HIP detectors arc expectedto exhibit higher quantum
efficiencies than single layer 111P detectors duc to thin SiGe layers which can enhance the internal
quantum efficiency. Using elemental boron as a dopant source during the low temperature MBI growth,
high doping concentration (= 4 x 102° ¢m-3) has been achieved and high crystalline quality multiple
SiGe/Si layers have been obtained. Yor the. experiment several stacked Si().7Ge().3/SiH1IP detectors
with various SiGe layer thickness and doping concentration have becn fabricated. The detectors have
exhibited strong infrared absorption and near ideal thcrmionic-emission dark current characteristics. For
the stacked Sip.7Ge(.3/SiHIP detectors with {B] = 4 x 1020 ¢mn-3, strong photorcsponse at
wavelengths ranging 2to 20 pm has been measured. Enhanced quantum efficiencies, especially in the
long wavelength regime (A > 10 pm), have been obscrved compared to those of our single layer SiGe
HIP detectors with the same Ge concentration, doping concentration and total SiGe layer thickness,
which is ducto the enhanced internal quantum efficicney. The effects of doping concentration on the
detector optical and electrical characteristics have been studied, Using the measured quantum efficiency
and dark current data, detectivity (ID)*) of detectors has been estimate.d.

1. INTRODUCTION

1 .ong wavelengthinfrared (1. WIR) detector focal plane arrays operating in the range of 8 to 17 pum
have been of great interest for a variety of space and defense applications. Recently, with the advent of
the silicon molecular beam epitaxy (Si-Mill{) growthtechnique, novel SiGe/Siheterojunction internal
photoemission (1 111') IR detectors have been fabricated and demonstrated to exhibit 1ailorable detector
response in the long wavelength infraredregime.*5  The SiGe/Si1111° detectors can be easily integrated




with Si readout circuitry either monolithically or by iridium bump bonding, and are expected to exhibit
excellent pixel-to-pixel uniformity and good device reliability. Recently, using SiGe/SiHIP detector
elements and monolithic CCD readout circuitry, 400 x 400 focal plane arrays with 10 gim cut-off
wavelength were fabricated by T'saur et. al, and high quality images were demonstrated. 45

The idea of the heterojunction internal photoemission (1111') detector was first proposed by
Shepherd er. al in 1971.6 However, due to the lack of epitaxial layer growth technology, the concept
was not implemented until1990 when l.inet . al first demonstrated SiGe/SiHIP detectors using an
advanced Si-MBE growth technique. 1 TheSiGe/SiHlIP detector consists of adegencrately doped p -
SiGe layer as an emitter and a p-type. Si substrate as a collector. The device structure and band diagram
are shownin Fig. 1 (@) and (b), respectively. The detection mechanism involves strong infrared
absorption in the p?-SiGe emitter layer mainly through free carrier absorption followed by the internal
photoemission of photo-excited holes over the SiGe/Siheterojunction barrier into the Si substrate, as
shown in Fig. 1(b). The cutoff wavelength A¢ of the HIP detector is determined by the effective barrier
height qd,, and is given by

Ac(um) = 1 .24/qdy, (eV) ().

The effective barrier @b is determined by the valence band offset (AEy)between S 1-xGex layer and Si
substrate, and the Vemli-level Ef in the SiGe layer, alit] is given by

qq)b z Ar‘:v ) (I:’V - }'f) (2)

The valence band offset ALy between stiained Si 1-xG¢x and Si layers and the | ‘ermi-level Fif can be
tailored by changing the Ge composition and doping concentration in the SiGe layer, respectively. 1" bus,
for $iGe/Si HIP IR detectors, by engineering the Ge and doping concentrations of Si 1-x{ex layer, the
cut-off wavelength canbe tailored over a wide IR range (3- 30 pm). The tailorable cut-off wavelength
can be used to opt imize the trade-off between the 1.WIR response and the cooling requitement of the
detector.

The external quantum efficiency (M)of an internal photocmission detector is a product of
absorptance (A) in SiGe layers and internal quantum c fficiency (Mi) which is defined as the ratio of the
collected holes to the photo-excited holes (i.e., = A Mi)- SiGe/SiHIP detectors offer higher internal

quantum efficiency than silicide Schottky barrier- detectors due to substantially smaller |;ermi-energy of
pi -$iGe layers. 1,2,5 Theinternal quantum cffiCiCneyof1111} detectors are limited by inelastic hole-hole

and hole- phonon scatterings as well as the number of holes redirected rom the SiGe/air interface to the



SiGe/Si interface. Reducing the SiGe layer thickness enhances the internal quantum efficiency since
photo-excited holes would suffer less inclastic scatlcringg; however, reducing the SiGe layer thickness
reduces infrared absorption as well. “J bus, the optimal SiGe layer thickness isdetermined by the trade-off
between absorption and internal quantum efficiency. One way of achieving high internal quantum
efficiency without losing absorption is by incorporating thin multiple absorbing SiGe layers which arc
stacked between Si barriers. The detection mechanism of a stacked SiGe/Si HIP detector is schematically
illust.rated in Fig. 2 and it is similar to that of single layer SiGe/Si HIP detectors. In this case, each
individual layer has high Mi due to the thin SiGe layer and the absorption from each layer contributes to
the total absorption. Furthermore, due to the applied electric field toward the Sisubstrate (z-direction),
the photo-excited holes traveling opposite to’ z-direction will be redirected toward the Sisubstrate. This
wiii further increase the internal quantum efficiency.

2, MBE GROWTH OF STACKED SiGe/Si HIP DETECTORS

To gain high photoresponse, degenerate doping in the SiGe emitter layer with abrupt doping
profiles and high quality epitaxial layers with smooth SiGe/Sihetero-interface arc essential. These
requirements can be achieved by the MBE growth of SiGe layers at low temperatures using clemental
boron source for doping. Yor a SiGe/Si heterostructure, the lattice mismatch between Si1.xGey and Si
layers induces strain in the Si1-xGex layer. Due to this strain, a Sii _xGex layer can be grown
pscudomorphically only up to a small thickness which is called “critical thickness’?. Beyond the critical
thickness, the Sil-xGex layer will resume its natw al lattice constant by generating misfit dislocations at
the hetero-interface. The growth of high a quality strained SiGe layer requires some key conditions, such
as anultra high vacuum, low growth temperature. and clean substrate surface. Among them, low growth
temperature is the most critical condition. Hightemperature growth causes strain relaxation and allows
three dimensional growth (island formation) of the SiGe layer which results in poor morphology. To
obtain high crystalline quality strained Si1-xGex layers, the growthtemperature should be kept below
500 °C.9

Previously, for our SiGe/Si11P detector structure growth, 1 1BO2 was used as the boron dopant
source for the p*SiGe layers growth. A 11BO?2 source has the advantage of cxhibiting high vapor
pressure that allows the usc of a conventional Knudsen cell to evaporate the required high dopant flux. 10
However, due to the doping mechanism in HBO», a relatively high growth temperature ( >650 °C) is



required for high quality crystalline growth for the following, reactions: ‘1" > SO() °C for the initial reaction
with Si to form elemental boron and silicon dioxide; T >650 °C for the removal of the incorporated
oxygen by reaction of silicon dioxide with siliconto form volatile SiO. The use of HBO? at the low
growth temper’aturc required for strained SiGe layer growthintroduces a high level of oxygen
contamination in SiGe layers and an incomplete reaction with Si to form elemental boron, Figures 4 (a)
and (b) show the cross-sectional TEM micrographs of 25-nm-thick undoped and }1BO7 doped (p* =
2x 1020 ¢m=3) Sig 7Ge(.3 layers grown by MBE at 500 °C. The quality of the HBO7 doped sample is
significantly worse than that of the undoped sample, revealing very rough surface morphology and high
defect density (2. x 1 Cblocm’z) which is caused by low temperatare growth.

The p'-SiGe layer growth problems associated with H1BO2 source can be resolved by using
elemental boron evaporated from a high-temper ature Knudsen cell (due to the low vapor pressure of the
clemental boron, high temperature, 1700- 1900 °C, evaporation is required. 3'bus, a speciall y designed
Knudsen cell is rcqu:‘ircd).3'1‘hc elemental boron allows very sharp and high doping profiles with good
crystalline quality epitaxial layersover awide range of temperature (ewe.n below 400 °C). Figur ¢ 4 shows
asecondary ion mass spectroscopy (SIMS) doping profile using an elemental boron source after Ref. 11.
The figure shows extremely sharp doping profiles revealing 10 periods of p’ -Si/ p~-Si layers with decay
length of about 20 A.The usc of clemental boron enables us to grow high quality stacked SiGe/SiH 1P
detectors with multiple p*-SiGe/p™-Si layers for which hyper sharp doping profiles and smooth hetero-
interfaces are indispensable. Figure 5 shows a closs-sectional “1'1 M micro graph of a MBE grown
multiple p*-SiGe/p-Si layer structure. The growth temperature was 380 °C anti the elemental boron was
used for the growth of p’-SiGe layers with 4 x 1020 cm=3 doping concentration. It shows very smooth
and flat interfaces between SiGe/Si and no defects within the TEM resolution. 1’ bus, using the elemental
boron source, high crystalline quality p*-strained SiGe layers canbe grown at low temperatwre which
ensures strain conservation and smooth morphology.

The stacked layer SiGe/SiHIP detectors were fabricated by MBE growth of multiple p*-Sij-
xGex and undoped-Silayers on oxide patterned p=-type Si(100) wafer's where rl-type guard rings were
incorporated at the periphery of the active detector areato minimize. edge leakage current. Prior to MBBE
growth, awafer was cleaned using the “spin-clean” method which involve. sthe removal of achemically
grown protective oxide using an Ht/cthanol solution in it nitrogen grove box.12 Then, the wafer was
loaded into a commercial Riber VA 32 SiMBL system with a base pressure of 3 x 10-11 torr, and
heated to 650 °C to remove the protective oxide. Ge and Si were evaporated from electron-gun sources,
and elemental boron was evaporated from a high-temperature Knudsen cell. The growth temperatur ¢ was
maintained at 380 0. ‘1" hen, the detectors were fabricated by standard Siprocessing steps whichincluded
plasma etching of MBE grown SiGe/Si layers and aluminumevaporation/patterning o make ohmic
contacts on the top pi -SiGe layer and boron implanted Si- p wells as shown in Iig.1 (a).




3. RESULTS AND DISCUSSION

The infrared absorption of the multiple SiGe/S i layers was characterized with a Fourier transform
infrared (FTIR) spectrometer. Figure 6 shows the absorption spectrum of a multiple SiGe/Si layers
which consists of four periods of 50 A-thick p*- Sig 7Geq. 3 layers and 300 A-thick undoped Si layers.
The SiGe layers were boron doped to about 4 x 1020 cm=3. The absorption increases monotonically with
wavelength, and strong absorption ( 30 to 45 %) is obtained beyond 10 m. The infrared absorption is
mainly due to the strong free carrier absorption caused by the heavy doping in the SiGe layers, The small
peak near 3 um isdue to the valence intraband transition. '3* 14

The photoresponse of the stacked 1111' detectors was measured using a glow bar, a
monochromator with several band pass filters to eliminate the higher order effects from gratings, and a
pyroclectric detector to calibrate photon flux. Infraredillumination was applied onthe front side of the
detectors. Figure 7 shows the photoresponse spectra of a stacked 111P detector (detector A) interms of
external quantum efficiency. ‘I’ he detector consists of three 50 A-thick p*-Sig 7Ge() 3 layers which are
separated by 300 A-thick undoped Si layers. The Ge concentration and boron concentration are 30 %
and 4 xI 020 ¢m-3, respectively. The active detector arcasarc 1.2.5 xI ()*cm 2. The operating
temperature and bias voltage are 30K and -().5 V (positive to the top SiGe layer), respectively.

"The detector shows broad photoresponse which cut off at around 20 pm. The peak response lies
at around 5 pm with 6 % external quantum efficiency. The response gradually decreases as the
wavelengt h increases and a small bump is observe.d near 14 um. The detector manifests about 4 and 2 %
external quantum efficiencies at 10 pm and 15 pm wavelengths, respective] y. This stacked SiGe/Si HIP
detector, in general, exhibits higher quantum efficiency in the 1.LWIR regime (A>10um) than our single
layer SiGe/SiHIP detectors with the same Ge concentration, doping concentration and SiGe layer
thickness. For example, a200 A-thick Sio.7Gco.#Sin HIP detector with p =4 x 1020 cm~ showed
quantum efficiencies of about 2 % at10pmandlessthanl% at 15 pm. ‘J’he enhancement of quantum
efficiency can be due to the enhancement of internal quantum efficiency for the stacked SiGe/SiHIP
detector, especially in the. long wavelength regime where photo-excited holes have small kinetic encrgies
to cross over apotential barrier. I’bus, the results indicate that stacking thin SiGe layers is useful to
enhance the internal quantum efficiency.  Figure 8 shows the bias dependent photoresponse of  this
stacked SiGe/SilllP detector. The wavelength was fixed at 10 pm. With small bias (Oto 0.2 V), the
quantum efficiency increases rapidly. While above 0.2 V bias it increases slowly, and finally it gets

saturated above 1 V.




‘I'he 1-V characteristics of the stacked SiGe/SiHIP detectors were measured at several
temperatures. Forward and reverse bias modes show asymnetric |-V characteristics, because a larger
leakage current occurs under forward bias. Fig.9 shows reverse-bias dark current characteristics of a
stacked SiGe/Si HIP detector (detector B) with four 25 A pi -Si(.7Ge(.3 layers separated by 300 A
undoped Si layers. This detector shows a similar photoresponse as shown in Fig. 7 with about 20 pum
cut-off wavelength. The doping concentration for this detector is 4 x 1020 ¢m-3.The effective barrier
height can be estimated by activation energy analysis. 13 For the stacked SiGe/Sit 111 detectors, dark
current is dominated by the thermionic-emission current, especially at low bias, which is given by

Jo=- A** 2 exp(-Dp/kT)

where A** isthe Richardson constant, T is the absolute temperature, K is Boltzmann constant, and qdy
is effective barrier height. ‘I’ he above equation is derived for the three-dimensional thermionic-emission
case, but the equation can still be applied to the present stacked SiGe/SiHllP detectors, in spite of
possible subband formation inside SiGe layers due to the thin SiGe layers sandwiched between Si
potential barriers. This is because subbands arc occupied up to considerably high energy states due to
large Fermi-level energ y (150 meV) in SiGe layers which is caused by dc.generate eloping. Figure 10
shows the activation energy plot for the stacked 1P detector shown in Fig.9 at -0.1 V bias. The
effective barrier height determined from the linear slop is 60.4 meV which corresponds to 20.5 jtm cut
off wavelength; and A** determined from the ordinate interceptatl/kl =0 is 4.5 A/em2/K2. This
estirnated barrier height agrees well with the observed cut-off wavelength shown in Fig. 7. The small
A** values indicates that the epitaxiallayer quality of multiple SiGe/Si layersis exccllent, and the dark
current is limited by the ideal thermionic-emi ssion current.

Stacked SiGe/SiHIP detectors for 5-10 pm application have also been fabricated using lower
doping concentrations. Detectors C and 1> consist of three 50 A-thick pi -Si().7Ge(.3 layers which arc
separated by 300 A-thick undoped Si layers. Doping concentrations are about 1x 102°” and 2x 1020 ¢cm-3
for detectors C and DD, respectively. Figure 11 shows external quantum efficiency vs. wavelength for
detector C (open square) and detector D (filled square), Bothdetectors show peaks at around 5 pim with
quantum efficiency of 3-4 %. The quantum efficiency dropsrapidly with increasing wavelength. At
around 10 pm, quantum efficiencies of 0.7 and 0.5 % arc measured for detector C and detector DD,
respectively. Detectors C anti 1D show the cut-off wavelengths of about 17 and 15 pim, respectively.
These values are smaller than the cut-off wavelengths of detectors A and B. “I’his indicates that a
detector with lower doping concentration exhibits shorter cut-off wavelength as was expected from Eq.




(2) due to smaller Ef. The reverse bias J-V characteristics of detector D at several temperatures is shown
in ¥ig. 12 for comparison with those of detector A and B. It shows much smaller dark current than
detector A and B. Consequently, this detector can be operated at higher temperatures.

The defectivity of the stacked 111P detectors can be estimated from the measured quantum
efficiency and dark current. ‘The D* is estimated by'’

Di=QL - YA /i, entVHz/W) |
1.24

where 11 is the external quantum efficiency, A is the detector area ant] A is the wavelength (pm). iy, is the

dark current noise which is given by

in = Yaqle Af

where 14 is the dark current, g is the photocurient gain and Af is the bandwidth.  Assuming a unity
current gain (g = 1), wc have estimated D) *'s of the detectors at several temperatures and arc plotted in
Fig. 13 for detector Band D. For both cases, the bias voltage is -0.2. V which gives relatively high
quantum efficiency with low dark current. Detector B shows broad sp ectrum with D) *>1 x1010
emViz/W at 40 K over 4-16 pum wavelength range; and detector 1> shows 1D * > 1x101 O cmviz/w at 60 K

over 3-9 um wavelength range.
4. SUMMARY

in summary, we have demonstrated stacked SiGe/SiHIP infrared detectors using multiple
Si0.7Ge(.3/Si layers, High crystalline quality multiple p*-Sig.7Geq.3/p™-Si layers were grown by low
temperature MBE technique incorporating elemental boron source for doping. The detectors showed
very strong infrared absorption and near ideal thermionic-emission limited dark current characteristics.
The stacked SiQ.7Ge(.3/Si 111P detector with p = 4x 1020 ¢m-3 showed strong photoresponse at the
wavelength between 2 to 20 pm with a external quantum efficiency of about 2 % at 15 pum. They
showed enhanced quantum efficiencies, especialy in the long wavelength regime, than our single layer
SiGe/SHIP detectors. This isehnahcement isdue to the enhanced internal quantum efficiency. Stacked
Si(.7Ge().3/Si HIP detectors with lower doping concentrations have been fabricated as well. They
exhibited shorter cut-off wavelengths than the detectors with higher doping concentrations due to the
smaller l;crmi-energy. Detectivities (D) *) of these stacked SiGe/Si 11117 detectors were estimated using

the measure.ci quantum efficiency and dark currentdata. The detector with p =4 x 1020 em-3 shows




broad 1D} * spectrum with Dy * >1 x| 010 cmyi. /W at 40 K over 4-16 pm wavelength range; and detector
with p = 1 x 1020 ¢m=3 shows D * > 1 xI 0'0 cViiz/W at 60 K over 3-9 pum wavelength range.
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FIGURE CAPTIONS

Fig. 1. (a) Schematic cross section of a SiGie/Si HIP detector. (b) Energy band diagram of

the SiGe/Si HIP detector and schematical illustration of detection mechanism.

Fig. 2. Energy band diagram of a stacked SiGe/SiHIP structure showing the detection
mechanism.

FFig. 3.(a) Cross-sectional TEM micrographs of undoped, (b) H1BO2 boron doped
Si0.7Ge(.3 layers grown by MBE at 5(10 °C.

Fig. 4. A SIMS profile of a typical elemental borondoped Si layers grown by MBE. It
reveals 10 periods of p*-Silayers with hyper sharp doping profiles. Delay length is about
20A.

Fig. 5. Cross-sectional TEM micrographs of aMBE grown multiple p*-SiGe/p--Si layer
structure. The growth temperature was 380 °C and the c]c.mental boron was used for the
growth of p*-SiGe layers with 4x 102°” cm3 doping concentrat ion.

Fig. 6. FI'IR absorption spectra of multiple SiGe/Si layers with four periods of 50 Apt-
Si0.7Ge0.3 /300 A undoped Si layers. Boron doping is about 4 1020cm=3.1t exhibits

strong free carrier absorption.

Fig. 7. External quantum efficiency vs. wavelength for a stacked SiGe/SilllP detector.
The detector A consists of three 50 A-thick p*-Sig 7Geq).3 layers Which are separated by

300 A-thick undoped Si layers. The boron concentration for the detectors is about 4 x 102°”
3
cm™>.

Fig.8. The bias dependent photoresponse of detector A. The wavelength was fixed at 10
pm.

Fig. 9. The reverse bias current-voltage (3V) characteristics of a stacked SiGe/Si stacked
} 11P detector with four 25 A p*-Si( 7Ge().3 layers separated by 300 A undoped Si layers .
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Fig.10. The activation energy plots for the stacked HIP detector shown in Fig. 9 at-0.1V
bias.

Fig. 11. External quantum efficiency vs. wave.length for stacked SiGe/Si 111P detectors
with lower doping concentration. Idetector C and D consist of three 50 A-thick p -
Sig.7Geq.3 layers which are separated by 300 A-thick undopedSi layers. Doping

concentrations are about 1 x 1020 and 2 x 1020 ¢m3 for detector C and D, respectivel y.

Fig. 12. The reverse bias J-V characteristics of detector D.

Fig.13. The estimated detectvity (1M)*) vs wavelength at several temperatures for detector
B and D.



Undoped ot q,(/

- IR Si-substrate

IR § \&A
R

0
0 0 >
photo-excited
holes

Fig. 2



D]

CONCENTRATION (em™3

¥ SiGe

50 nm

=

FWHM‘/f
(EQ &)
.

Fig. 3

Fig. 4

A

/



ABSROPTANCE

0.6

0.5

04

0.3

0.2

0.1

T=300K

4 x (50A p'Sig;Geq s/ 300 A undoped S

[B]-4x1020 cm3

4 6 8 1 0 1214
WAVELENGTH (um)

Fig. 6

16

18

20



I‘ o T T e S ,1.1!.144....’4\\.!&1. —rT .!1\.!!»4\![(4[)0‘4;111..41!‘!1 N L S

-

. ooy Detector A
—_ v/f.o
%
>
O
zZ
L
O 1 .
_I_l 8
LL L
L
3
_M T=30K
Z Bias = -0.5 V
-]
(@4

.‘ T L 1 1 .1 L TR O WY SUUND NN OIS TR SIS S SRV St
0 5 10 15 20
WAVELENGTH (um)
Fig. 7
5r— LS G 1 Rl el I - T
Detector A A=10m
4r B J

QUANTUM Efficiency (“A)

BIAS VOLTAGE (V)

big. 8




DARK CURRENT DENSITY (A/cm™2)

Detector B

4K .. T
/,

1 1 1 1 1 1 I [

?2.0

1.0 15
BIAS VOLTAGE (V)
Fig. 9
| 1 T I
Detector B

224 by = 60,4 meV
A" - 45 Alem?iK?

26
>?8 _— . ./ 1
300 350 400 450
1/kT (eV1)

fig. 10

500



QUANTUM EFFICIENCY (%)

10’ YT A T T L T A g L4 T Y T v 2 4 T L guin ol v
éégﬁ T=40K
,f Bias = -0.5V
10°
10-'
) O Detector C
10- *  Detector D '\
10_3 et b — by — b 1
0 5 10 15
WAVEL ENGTH (um)
Fig. 11
1027
Detector D R
103 T
65 K )
10-4 e T
J—
58 K
10-5
1c1- =TT
'//" 45 K
10-7
10-8
1(,-9 O TR T e M I '1'. f '_L. [P
0.0 . 1.0 1.5

BIAS VOLTAGE (V)

big. 12

20

?.0



“(emYyHz /W)

DETECTIVITY D

" {cmVHz /W)

DETECTIVITY D

10

- i 2§ Li T T B R ]'" RS S S st mEn I ¥ LS T ¥ :
Detector B ]
.””t
10 ;
o ;
10 nﬂb&“m%?
..,.. 40 K ]
lm 1
10 ° "‘\\ ]
]
109 a4 1 1 O | J
0 5 10 15 20
WAVELENGTH (pm)
10 Y%— oy e SN —
Detector D
10 ‘3;- . 40 K .
II‘..,. E
t,\"‘\. :
10 '3 E
50 K ]
—OM%_QO 4
10 "} oy E
60K  “u ;
0 a8806n, 1
10 60 fﬁ,ﬂmﬁ J
10° ¢ E
l 08 L 1 ] 1 ) L oL 1 i - - PO G-
0 5 10 15

WAVELENGTH (jim)

Fig.13



